Abstract
INTRODUCTION
Ecosystems with high invasibility that have been subjected to a long history of species introduction and anthropogenic disturbance often contain many co-occurring non-native species. In these environments, under different abiotic conditions, nonnative species could dominate, remain rare or become part of a mixed species assemblage. Interactions between exotic species are expected to occur, where multiple invaders are present (Rice and Nagy 2000; Vitousek et al. 1987a; Zarnetske et al. 2013) . However, community assembly should depend on abiotic factors and environmental tolerances of the invaders, as well as on how the ecological strategy of these species differs from the resident native species.
Understanding the ways in which plant species allocate resources during the establishment and regenerative phases, i.e. their ecological strategy, is a major aim in plant ecology (Westoby et al. 2002) . Likewise, because of the increasing impact of plant invasions all over the world, there has been increasing interest in identifying recurrent attributes or ecological strategies that define successful invasive species. Meta-analyses of plant invasion studies have identified attributes common to many invasive plant species, including rapid growth, high productivity and effective dispersal (Van Kleunen et al. 2009 ). These analyses suggest that successful (abundant) invaders rely largely on good growing conditions such as that found after disturbance or in N-rich sites. However, Funk and Vitousek (2007) suggest that many invaders are successful because of stress tolerance. Likewise, others have shown that invaders display great phenotypic plasticity (Richards et al. 2006; Zenni et al. 2014) , which can enable them to exist within but not dominate sites that are more stressful, or sites dominated by better competitors. Thus, invaders that are poor competitors may dominate only in repeatedly disturbed or highly stressful sites, where stronger competitors do more poorly.
The Hawaiian Islands are a convenient system to assess the effect of abiotic factors and biotic interactions on the assembly of communities dominated by exotic species. Many island habitats, particularly at lower elevations, have weak resistance to invasion and a long history of disturbance, (Cuddihy and Stone 1990) , and non-native species now dominate (Vitousek et al. 1987a) . The Hawaiian Islands are characterized by strong environmental gradients and consistent chemistry of parent material (Vitousek 2004 ). In addition, landscapes shaped by recent lava flows display high microsite heterogeneity, where only a few 'safe sites' contain enough soil for plant growth (Cutler et al. 2008) . Thus, local abiotic factors could shape which species become dominant, especially early in primary succession (Cutler et al. 2008) .
Exotic perennial grasses using the C 4 photosynthetic pathway are abundant across the Hawaiian Islands, particularly in dry and mesic sites at low to mid elevation (Wagner et al. 2012) . The relative distribution of certain native and exotic native grasses has been well studied in Hawai'i (Edwards and Still 2008; Pau and Still 2014) . It has been demonstrated that grass distributions respond to both moisture and temperature gradients (Angelo and Daehler 2013; Edwards and Still 2008) , as well as fire (D'Antonio et al. 2011; Hughes et al. 1991) . The relative importance of local microsite conditions in the distribution and performance of these species is unknown.
Here we assess the distribution and performance of five exotic and one native C 4 perennial grass that co-occur across local and broad-scale abiotic variation in young volcanic sites on Hawai'i Island. The grass species include: (i) two species (Melinis minutiflora [P. Beauv] and Schizachyrium condensatum [Kunth] Nees) that have been well studied because of their ability to dominate certain mesic (mean annual precipitation: 1500-2000 mm/year) habitats and negatively affect native species (D'Antonio et al. 1998; Hughes and Vitousek 1993) (Pivello et al. 1999; Williams and Baruch 2000) . Heteropogon contortus is the single common native grass species in this region of the Hawai'i Island. We sampled soil depth, percent cover and height of each species across an elevation and rainfall gradient, different soil ages and sites with contrasting fire history to address the following questions: (i) How does microsite condition (soil depth and rock cover) correlate with occurrence and performance of each grass? (ii) What is the relative importance of broader-scale environmental variables to each species? (iii) Are some grasses limited to harsh microhabitat conditions when co-occurring with more competitive species?
On Hawai'i Island, scarcity of substrate in young soils constrains the establishment of plants, and the low amount of N in the soil limits plant growth (Vitousek et al. 1987b) . Thus, we predict that species with high competitive ability (studied as dominant invaders elsewhere), such as M. minutiflora, S. condensatum and H. rufa (Daubenmire 1972) , should be restricted to, or obtain the greatest cover in sites with deeper soils or that are more mesic. We believe that M. minutiflora will show higher cover, where other species are absent locally because of its impact, not habitat preferences. Also, it should be more common in burned sites Hughes et al. 1991) . Nevertheless, S. condensatum may dominate some sites because it is competitive against native species (D'Antonio et al. 1998) and M. minutiflora if it is already established and sites have not burned . In contrast, known from elsewhere to be stress tolerant (Ezaki et al. 2008; Ning and Cumming 2001) , A. virginicus is more likely to be common in soils that are either shallow or contain volcanic cinder, where the performance of other species is hampered (Pérez 2000) . Similarly, as an opportunist with well-dispersed seeds species (David and Menges 2011) , M. repens is expected to be more abundant in disturbed sites or in extremely shallow soils, where other grasses cannot successfully colonize. Finally, we expect that the presence of H. contortus might be favored at lower elevation because it has been shown to be more drought tolerant than some exotic grasses in Hawai'i (Daehler and Carino 1998) and the coastal lowlands in this region are typically very hot and dry.
MATERIALS AND METHODS

Study site
We performed this study in Hawai'i Volcanoes National Park (hereafter HAVO), located on Hawai'i, the youngest island in the Hawaiian archipelago, USA. In HAVO, there are strong altitudinal, temperature and rainfall gradients. Since HAVO includes the currently active Kilauea Volcano, there is much area dominated by poorly developed soil on recent lava substrate.
Exotic grasses have been reported in HAVO since the first botanical surveys; however, the major spread of these species occurred after 1975, when feral goats were eliminated (Katahira and Stone 1982) . Dominance by M. minutiflora and S. condensatum after this management action caused an increase in fuel continuity and understory biomass, contributing to increased fire frequency and dominance of C 4 grasses to the detriment of the original woodland or shrubland vegetation (D'Antonio et al. 2011; Tunison et al. 2001) . Most sites in the Park have been protected from fire for the last two decades via fire suppression.
Site selection
We selected 15 study sites along two main roads: (i) Chain of Craters and (ii) Hilina Pali Road (Table 1) . We fixed the minimum distance between sites as 200 m, as well as a minimum distance to roads of 30 m. Sites included a range of soil ages, fire frequency and annual rainfall, and were selected by consultation with the Resources Management Division. Sites were located within the coastal lowlands (0-400 m elevation; mean annual temperatures of 23-26°C) and seasonal submontane (400-1200 m; 18-22°C) (see climate. geography.hawaii.edu) zones (Table 1) . We avoided sites with rainfall above 2000 mm because they support denser forest and grasses become restricted to roadsides. We controlled for substrate type by only sampling sites on pahoehoe (smooth) lava.
Sampling methods
We generated eight random GPS coordinates for each site so that they were from 20 to 100 m apart from each other. In each of these eight locations, we established eight 1 × 1 m adjacent plots placed along alternate sides of an 8 m transect oriented from east to west. We divided each plot into two triangular sections and visually estimated percentage cover of all species to the nearest 1%, as well as the percent cover of rock. We estimated percent cover as the total canopy area covered by each species within the plot area and rock cover as the percent of the substrate area within a plot that was covered by unvegetated rock. Canopy cover could theoretically exceed 100% because of overlapping layers of plant canopies although this was rare in this particular area. We also measured the height of the tallest individual of each species in each plot and identified the substrate type (cinder, weathered lava or ash). Here we define 'performance' as cover and height of a species. In each 1 × 1 m plot, we used a 3 mm diameter pointed steel rod to measure soil depth in six evenly spaced points along the plot diagonal. Then we measured the soil depth as close as possible to the base of six individuals in each plot, always including the highest individual of each species. We selected these individuals to represent all species with at least 1% cover, sampling in proportion to their cover so that species with high cover had more measured individuals than uncommon species.
Before the analyses, we defined local (plot scale) abiotic variables as soil depth and rock cover. Regional variables were considered to be the broader-scale metadata for each site. Fire frequency was categorized as fire versus no-fire with no-fire referring to sites that did not burn in the last 40 years. Soil age was classified as 200-750 versus 750-3000 years, rainfall as 1200-1600 versus 1600-2000 mm/year, soil type as ash or weather lava versus cinder and elevation as 0-500 versus 500-1000 m. We estimated the effect of soil depth on the presence of each grass by dividing the plots into very shallow soil (0-5 cm depth), shallow soil (5-10 cm depth), intermediate depth soil (10-20 cm depth) and deep soil (>20 cm depth). We based these categories on the response of grass species to soil depth while assembling a similar number of observations within each category.
Data analysis
We tested the null hypothesis of independence between the presence of each C 4 grass and local and regional variables using a Pearson's Chi-squared Test with Yates' correction for continuity. Expected values were the total number of plots, where each species was found multiplied by the proportional number of plots sampled within each environmental category. Contingency tables were obtained for each species occurrence as it related to fire, soil age, soil type, annual rainfall and elevation. We performed the analysis by random soil depth measurements in the plot since our aim was to assess the effect of soil limitation on species occurrence frequency.
We estimated the effects of local and regional variables on the performance of grasses in a Generalized Additive Mixed Model (GAMM), using either the percent cover or maximum height of each species in each plot as the dependent variable. We estimated fixed effects associated with each regional and local variable, as well as the binary interaction between regional factors. Random effects related to variation between sites could not be estimated in these models because sites are not nested in all the levels of regional variables (Zuur et al. 2009 ). We used a spherical spatial autocorrelation error structure to overcome this problem in our model (Zuur et al. 2009 ), which included the real distance between all plots. This analysis was performed by the corRSpher function available in the R package nlme (Pinheiro and Bates 2000) .
In our GAMMs, effects related to soil depth and rock cover were estimated using cubic spline regression with non-parametrical smoothing (Wood 2011) . When the dependent variable was the percent cover of each grass species, we used as soil depth values the mean soil depth found beneath individuals of this species in the plot. In contrast, when the response variable was maximum height, we used the soil depth measured for the tallest individual in the plot. The effect of regional variables was estimated by a parametric linear mixed function, and hence overall model explanation was based on that provided by both parametrical and non-parametrical components. We ran all GAMM models in the gamm function in the R package mgcv (Wood 2011) , which incorporates the lme function from the nlme package (Pinheiro et al. 2014) to estimate the parametric fixed effects. We considered as the best models those that generated the lowest Bayesian Information Criterion (BIC). Additive models do not allow estimation of smoothing functions for all levels of more than one parametric covariate. Thus, we assessed the interaction between local and regional variation by estimating the effect of soil depth and/or rock cover in all levels of each regional factor in different models. Parametric effects and estimation methods used on these alternative models were the same present in the best models for each species.
We estimated the interspecific variation in the tolerance to low soil availability (shallow depth) using a Generalized Linear Mixed Model (GLMM), in which we compare the difference between the soil depth found beneath each species and that randomly obtained on each plot. In the model, we estimated a fixed effect related to the grass species and a random effect associated with the study sites, using the function lmer on the R package lme4 . When fixed effects were significant, we applied corrected pairwise comparison between all species in the R package multcomp (Hothorn et al. 2008) .
We used paired tests to assess if some grasses were limited to shallower soils or had lower cover when other species were present. To do so, we identified all plots where a species co-occurred with each of the other grasses across all sites. Then, we performed a Wilcoxon paired rank test to compare the cover and mean soil depth under individuals of the two co-occurring species to evaluate if one tended to dominate deeper soil or always be larger. We performed independent tests for each pair of species to each level of fire frequency, soil age, elevation and annual rainfall. A Holm-Bonferroni correction of the P-values was used for each combination of two grass species to avoid α error. All tests were performed in the R. environment v. 3.1.2. (R Development Core Team 2015).
RESULTS
Heteropogon contortus was the single native grass species found in our study sites, whereas other representative native species were mostly shrubs such as Dodonaea viscosa Jacq. and Styphelia tameiameiae F. Muell. At least one of the five exotic C 4 grass species occurred in 99% of all sampled plots. These species were dominant over native species in 70% of all sampled plots. Melinis minutiflora and M. repens were the most widespread species, as both occurred in ~62% of the sampled plots. However, whereas the former was the dominant species (highest cover) in over 30% of all plots (and 55% of those where it occurred), the latter showed the highest cover in only about 17% (and 28% of the plots where it occurred). Andropogon virginicus occurred in ~42% of plots and was dominant in only 16% (40% where occurred). Schizachyrium 
Presence/absence and local and regional variables
Results from chi-square tests suggest that different combinations of abiotic conditions favor the presence of different grass species (see online supplementary Appendix S1). Melinis repens occurred in more plots in lower annual rainfall and lower elevation than expected (Pearson Chi-square distribution, P < 0.001), but its presence was indifferent to soil age, soil depth and fire (P > 0.01). Nevertheless, factor interaction showed that fire had a negative effect on the occurrence of this species in more recent and very shallow soils, and a positive effect in older soil (P < 0.001) (see online supplementary Appendix S2). Also, in sites that burned M. repens was less common in new soil and at lower rainfall, whereas it was more common in very shallow soil and less common in deep soils in lower precipitation (P < 0.001); these responses were inverted, where there was no fire and higher precipitation. Andropogon virginicus was more common than expected in unburned sites with higher rainfall, and at a lower elevation, as well as in young and shallower soils (P < 0.001). There was no significant interaction between fire, elevation and soil age effects on this species and other factors, whereas occurrence was larger in higher precipitation in all situations except in old soils. Conversely, the effect of soil depth on the occurrence of A. virginius was only significant in sites that burned, in higher precipitation, at a lower elevation, and in young soil. Chi-square tests also showed that M. minutiflora and S. condensatum were more common with higher rainfall, at a higher elevation, and in deeper, older soil (P < 0.01). The occurrence of M. minutiflora was also much higher at burned sites, and interaction showed that this was indifferent to variation in other factors, although it was much larger in shallow (0-10 cm) than in deep soils (10-20 cm). Conversely, this species was positively (burned), weakly (high precipitation) or not affected (soil 0-20 cm deep) by young soils depending on the factor combination. Likewise, precipitation had no effect on the occurrence of M. minutiflora in old and deep soils, and soil depth had a much larger effect on sites protected from fire, with lower precipitation, and young soil.
The occurrence of the one native species (H. contortus) was independent of soil depth (P < 0.01). It occurred exclusively at a lower elevation and lower annual rainfall and was more common in sites with younger soil that had experienced fire (P < 0.001). Hyparrhenia rufa only occurred at the higher elevation sites and with higher rainfall, where it was more common in deep soils and on sites that had not burned (P < 0.001). Andropogon virginicus and S. condensatum were more frequent than expected in soil with cinder, in contrast with all other species.
Performance related to environmental factors: constraints of the data
Because most grasses were uncommon in cinder, there was not enough performance data to compare cinder with ash. Also, because not all species occurred in all levels of the broad-scale variables, certain regional factors could not be assessed for H. contortus (annual rainfall and elevation), S. condensatum (elevation), H. rufa (annual rainfall and elevation) and M. minutiflora (elevation) ( Table 2 ). Likewise, we did not assess the effect of interactions between elevation and other regional variables, as all sites at low elevation had lower rainfall, and only one site at low elevation exhibited old soil and had burned (Site 3; Table 1 ). At low elevation, M. minutiflora was common only in this latter site, which was the single site where M. repens was a dominant species. This site also showed a high abundance of a nitrogen fixing species (Indigofera suffruticosa Mill.), so we believe it was an N-rich site. We excluded this site from analysis assessing the performance of M. minutiflora and M. repens because these peculiar characteristics could confound assessment of elevation effects.
Performance: effects of microhabitat variation
Soil depth showed a statistically significant relationship with both percent cover and height for each grass species (Table 2; Figs 1 and 2). The relationship between soil depth and plant cover was weak for M. repens (Table 2 ; Fig. 1a ) and more consistent for M. minutiflora (Fig. 1b) and A. virginicus (Fig. 1c) . For the latter two, smoothing curves suggest lower cover in plots with soils <5 and 10 cm deep, respectively, with asymptotic curves beyond these depths. By contrast, the cover of S. condensatum (Fig. 1d) and H. rufa (Fig. 1e) , and to a lesser extent H. contortus (Fig. 1f) , showed positive linear relationships with soil depth (Table 2) .
Some of the tallest individuals of M. repens (Fig. 2a) , A. virginicus (Fig. 2c) , and H. contortus (Fig. 2f ) occurred in very shallow soils (Table 2) . Conversely, the height of individual S. condensatum (Fig. 2d) and H. rufa (Fig. 2e) increased consistently with soil depth (Fig. 2d-e) . Melinis minutiflora showed an intermediate response: many individuals were either short or tall in shallow soils (0-10 cm deep), but showed intermediate to tall height in deeper soils (Fig. 2c) .
Percent rock cover was negatively correlated with plant cover and was present in the best models of all species except S. condensatum (Table 2 ; online supplementary Appendix S2). The individual height of M. minutiflora and H. contortus also decreased with increasing rock cover but was at most marginally affected in other species (Table 2 ; online supplementary Appendix S2).
Performance: effect of regional variables
Our GAMMs showed that both cover and height of M. repens were higher at a lower elevation and on burned sites, and in Table 2 : results of the best Generalized Additive Mixed Models predicting the effects of parametric (soil age, annual rainfall, fire occurrence, elevation and binary interactions) and non-parametric components (mean soil depth beneath established plants and percent rock cover) on the percent cover and maximum height of six grasses, across 15 sites in the Hawai'i Volcanoes National Park Em dashes represent factors that could not be modeled because of limited species distribution. Significance: *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: est = estimated effects, edf = estimated degrees of freedom, ns = non-significant effect,
sites that burned and sites with younger soil for M. minutiflora (Table 2 ). The interaction between fire and soil age was significant for percent cover of M. minutiflora: young soil was associated with lower cover but only in unburned sites, whereas there was a positive effect of fire only in younger soils. The cover of A. virginicus was higher at a lower elevation and affected by an interaction between rainfall and fire. However, a posteriori tests showed that this interaction was due to a positive effect of higher rainfall in sites protected from fire but not in burned sites, and a negative effect of fire only in sites with higher rainfall (a posteriori pairwise comparison, P < 0.05). Conversely, the height of this species increased with higher rainfall and fire had no effect on it. Although S. condensatum occurred in a much narrower window of rainfall than most other species (Table 2) , the interaction between rainfall and fire also had a significant effect on the cover and height of this species. This effect was associated with a positive effect of rainfall only in sites without fire and a negative effect of fire only in sites with lower rainfall. There was no significant effect of regional variables on the cover of H. rufa and H. contortus (Table 2) .
Performance: interaction between regional variables and the effect of soil depth
We did not assess interactions between rock cover and regional variables because the effect of rock cover on the performance of grass species was not significant and provided little explanatory power. Increasing soil depth favored the cover and individual height of M. repens in young soil and at low elevation (Table 3 ). However, while the effect of soil depth on this species was weak regardless of fire history, effects on cover and height were limited to sites with higher and lower rainfall, respectively (Table 3) . Effects of soil depth on the individual height of M. minutiflora, A. virginicus and S. condensatum were indifferent to regional variables (Table 3) . On the contrary, the effect of soil depth on the cover of M. minutiflora was high (old soil), marginal (low rainfall, fire) or absent (old soil, higher rainfall, without fire) depending on variation in regional variables (Table 3) . Alternatively, increasing soil depth favored the cover of A. virginicus regardless of differences in rainfall and elevation, but this was limited to sites with new soil and protected from fire (Table 3 ). The cover of S. condensatum increased with deeper soil only under higher rainfall, in old soil, and in the absence of fire (Table 3) . Finally, increasing soil depth only improved the performance of H. rufa in sites protected from fire and with young soil (Table 3) .
Comparative soil depth requirement
All grass species were established in deeper soil than the average soil depth measured for each plot, supporting that soil availability constraints plant occurrence here. Yet there was significant interspecific variation in the difference between plot soil depth and average species soil depth (GLMM-F = 10.43, P < 0.001). This effect was driven by a lower difference between plot soil depth and species soil depth for M. repens compared to the other species (a posteriori pairwise comparison; P < 0.05), consistent with its occurrence on the shallowest soils.
Co-occurrence, soil depth and cover
We could not compare soil depth between M. minutiflora and H. contortus, since they did not co-occur. Also, H. rufa was relatively limited and rarely occurred with other species. Table 3 : interaction between regional abiotic factors and the effect of local variation in soil depth on the performance of exotic grasses, estimated separately for each factor by non-parametric smoothing functions based on the best Generalized Additive Mixed Models obtained for each species be modeled because of limited species distribution. Significance: *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviation: edf = estimated degrees of freedom.
Melinis minutiflora always had higher cover than all grasses with which it co-occurred (Fig. 3a) , except M. repens at low elevation (Wilcoxon paired test-V = 379.5; P = 0.899). It colonized sites with similar soil depth to S. condensatum and A. virginicus (Fig. 3b) ; nevertheless, at low elevation, it occurred on lower soil depth than A. virginicus (V = 2241.5, P = 0.004). Melinis repens occurred in shallower soil than other species (Fig. 3b) , except when compared to M. minutiflora in lower elevation (V = 335.5, P = 0.617). When it co-occurred with H. contortus, it had a lower cover (Fig. 3a) . The percent cover of A. virginicus was similar to that of M. repens, where they cooccurred in burned sites (V = 0.292, P = 0.393), under lower rainfall (V = 3873, P = 0.088) and in older soils (V = 626.5, P = 0.919) (Fig. 3a) . Schizachyrium condensatum generally had lower cover than other C 4 grasses (Fig. 3a) , but there was no difference when it occurred with A. virginicus in burned sites (V = 110, P = 0.865), lower rainfall (V = 47, P = 0.1677) and in older soils (V = 167, P = 0.3614), as well as compared to M. repens with fire (V = 298, P = 0.098), higher rainfall (V = 515, P = 0.503) and older soils (V = 619.5, P = 0.503). Although H. contortus occurred in deeper soil than A. virginicus, they showed similar percent cover when together (Fig. 3) .
DISCUSSION
In this study, we found no support for the implication that most common invaders will be disturbance responsive species with associated 'fast' growth traits (Davis et al. 2000) . Contrarily, species are distributed according to individual tolerances of harsh local conditions imposed by limited soil availability and in association with altitude, rainfall and fire history across this region. Our data suggest competitive interactions are potentially important in limiting species distribution and performance under favorable growing conditions, while local or regional abiotic constraints have a larger effect under less suitable conditions.
Species with limited distribution
Our findings suggest that H. rufa and S. condensatum are the species most limited by local abiotic factors. Hyparrhenia rufa showed the most limited distribution of all of the measured grasses, and the positive association between the presence and performance of this species and soil depth agrees with our expectation that in less suitable local growing conditions, it does poorly. Although it occurs in shallow soils in Costa Rica (Daubenmire 1972) , these soils are equivalent to those with intermediate depth in our study. Our survey suggests that the prevalence of very shallow soils due to the newness of the lava flows throughout HAVO has limited H. rufa across a large portion of the submontane zone and lowlands. Sites with deeper soils should be considered more at risk of invasion by this species, whereas open lava and shallow soils are barriers to its spread. It is somewhat surprising that it was not positively associated with fire since it is known elsewhere to recruit heavily and grow rapidly after fire (Baruch and Bilbao 1999; Daubenmire 1972) . However, its awns tangle and seeds tend to fall in clumps to the ground (Daubenmire 1972 , and C. D'Antonio personal observation). Thus, it is likely not readily dispersed which may contribute to its current limited distribution in Hawai'i. If it becomes more widely distributed in HAVO, it could compete with Melinis minutiflora for dominance in burned sites with deeper soil.
To a lesser extent the occurrence of S. condensatum also depended on good local growing conditions (higher soil depth), but its poor performance is also driven by fire occurrence, rainfall pattern and the presence of M. minutiflora, which cannot be readily separated. Fire had a negative effect on this species where there was lower rainfall, and the positive effect of higher rainfall and deeper soil was limited to sites protected from fire. Also, S. condensatum was rarely dominant and displayed lower cover than M. minutiflora when they occurred in the same plot. This poor performance is consistent with results from previous studies in HAVO Hughes et al. 1991) . In sites with deeper soil, S. condensatum was replaced by M. minutiflora when the fire frequency increased (Hughes et al. 1991) or before fire when nutrients were experimentally increased . Thus, its lower cover in burned sites may be a consequence of being outcompeted by M. minutiflora, which thrives in recently burned (presumably more N rich) sites . Sites invaded by M. minutiflora in the submontane zone maintain a similar vegetation structure even without new fire events, and S. condensatum has declined with time in permanent plots in these sites (D'Antonio et al. 2011) . Across the islands, S. condensatum is largely a higher elevation species with restricted distribution (Ainsworth, in prep.) that should be expected to persist in deeper soils without fire and where M. minutiflora is lacking.
Stress tolerant species
While local abiotic heterogeneity hampers the distribution and performance of the abovementioned species, A. virginicus was more affected by regional abiotic variation and interaction with other exotic grasses. This species behaves as a stress tolerator in Hawai'i, consistent with its dominance on extremely nutrient limited sites in eastern USA (Rice 1972) . In Hawai'i, only sites with very shallow (0-5 cm deep) and young soils constrain performance in this species. It was also more common in these shallow soils and was the dominant grass species in both sites containing Tephra (cinder), volcanic debris that typically create nutrient poor soils with low water holding capacity (Pérez 2000) . Thus, the prevalence of A. virginicus and the lack of other grasses on Tephra are consistent with high stress tolerance. Nevertheless, the increased occurrence, cover and height of this species with higher rainfall, especially in sites protected from fire, suggests that its tolerance to shallow and nutrient limited soils depends on higher water availability.
As predicted, the response of M. repens to microsite heterogeneity is consistent with it being an opportunist species limited by other grass species. This species was weakly responsive to high rock cover. Likewise, even very shallow soil in young sites and subjected to low rainfall had a small effect on its performance. Soil limitation is a common condition in young lava flows, where only a small number of 'safe sites' may be present (Cutler et al. 2008) . Melinis repens could be more successful at these favorable microsites because it can complete its life cycle with a very low investment in vegetative structures (David and Menges 2011) . Nevertheless, where this species coexisted with other grasses it always occupied shallower soils than other species. Also, it had lower cover than M. minutiflora and A. virginicus regardless of fire history, except for the coastal lowlands, where the latter two performed poorly. We believe that competition with M. minutiflora is an important barrier to the spread of M. repens in the higher elevation shallow soils.
Regional coexistence with a dominant competitor
Our data suggest that the dominance of Melinis minutiflora, even in shallow and rocky soils in the higher elevation sites, is based on phenotypic plasticity and responsiveness to fire. As predicted, M. minutiflora showed low cover only in very shallow soils with a high amount of rock and in the lowlands. Nevertheless, it exhibited only slightly lower height in shallow upland soils compared to deeper soils. This response might be achieved by plasticity in allocation to above-and below-ground biomass , which has been reported for other grasses in heterogeneous soils (Fransen et al. 1998) . Despite its tolerance to shallow soil, its dominance is driven by fire. Andropogon virginicus and S. condensatum are both species that can resprout after fire (Hodgkins 1958 ) and yet they were rare or in low cover in burned sites at higher and lower rainfall, respectively. We suggest that their lack of dominance in burned sites emerges from competition with M. minutiflora, which is favored in an open, N-rich post-fire environment , where it can then persist for decades (D'Antonio et al. 2011 ).
Our results demonstrate that the harshness of the coastal lowlands favors certain C 4 grasses by hampering the growth of M. minutiflora. Lower elevation sites in HAVO have higher mean annual temperatures, which with lower rainfall (in some sites) and low soil availability limit species that require a larger root system or have higher water requirements. Previous studies suggest that, contrasting with the submontane zone, fire may not give a large additional advantage to M. minutiflora in the coastal lowlands (D'Antonio et al. 2000) .
A native grass, H. contortus, had greater cover and occupied sites with deeper soil when it co-occurred with other C 4 grasses in the coastal lowlands. Previous research on this species showed that its seedlings establish better than co-occurring exotic grasses, where there is water deficit (Goergen and Daehler 2002) , although it is being displaced from many habitats by other introduced C 4 grasses (Daehler and Carino 1998) . Our data highlight that it has better performance than M. minutiflora and other C 4 grass species in shallow soils of the coastal lowlands. Yet its performance is enhanced by deeper soils. Control of grasses that proliferate in deeper soil (M. minutiflora, S. condensatum, H. rufa) may be necessary to enhance this species occurrence at higher elevations. Also, its long and tangled awns likely limit long distance dispersal, thus likely restricting its presence on potentially viable substrates.
Changing selective pressures with grass invasions
The current distribution of exotic and native grasses in HAVO highlights how multiple species introductions may change factors that drive community assembly. The native vegetation in dry early successional sites of the Hawaiian Islands is composed of scattered trees and shrubs, with a low density of herbs (Hughes et al. 1991; MacCaughey 1917; Vitousek et al. 1993) . Tolerance to low soil N and low water likely are important attributes species must have to be successful in young volcanic sites. As a result, there is likely little selection for high growth rates and rapid responsiveness to disturbance in the native primary sucessional flora. The introduction of widely tolerant C 4 grasses from elsewhere has increased herbaceous layer continuity changing both fire regimes (Tunison et al. 2001 ) and the competitive environment. Hence competitive ability and responsiveness to fire disturbance have become important attributes for the persistence of species under what are now novel ecosystem conditions .
Stress tolerance and phenotypic plasticity enhance the success of some introduced grass species over native (H. contortus) and other exotic species that require better growing conditions (S. condensatum and H. rufa). Yet one species, Melinis minutiflora, can occupy all major axes of ecological strategies in plants according to the classification system proposed by Grime (1977) (disturbance response, competitive ability and stress tolerance). It has a rapid positive response to fire, tolerance and good performance on shallow soils and dominance (high competitive ability) over other species on medium and deep soil Hughes and Vitousek 1993) . Others (e.g. Suding et al. 2003) have suggested that trait trade-off arguments are oversimplified; species such as Melinis minutiflora support this assertion, as it is remarkably plastic across nitrogen and soil depth (this study) variation, while also being a strong competitor and a species that benefits from fire disturbance, Our data highlight that in an ecosystem that is spatially heterogeneous and has low biotic resistance, exotic species may have the opportunity of occurring across a range of abiotic and biotic environments (Levin 2003) . Climatic conditions occupied by invaders are often outside the range of climatic conditions occupied in their native range (Early and Sax 2014) . Nevertheless, little is known about how soil conditions differ between native and non-native ranges. Our study demonstrates that under each combination of abiotic/biotic circumstances, persistence and spread depend on different abilities and different trait expressions.
CONCLUSIONS
This study shows that multiple introduced invaders in Hawai'i are distributed according to an interaction between soil requirements, rainfall regime, elevation, competitive ability and response to fire and that no one strategy can explain their distributions. Consistent with our expectations, M. repens and A. virginicus were more affected by broad-scale abiotic variation, as both species were tolerant of extremely shallow soil and high rock cover even under relatively low rainfall and lower elevation. This response contrasts with the dependence of S. condensatum and H. rufa on deeper soil, whereas broad-scale variables had a lesser effect on these species. However, contrary to expectations, phenotypic plasticity has allowed one competitive species, M. minutiflora, to colonize a surprising range of conditions, excluding or reducing other species particularly when sites burn. Conversely, under the higher temperatures and lower precipitation of the coastal lowlands, M. minutiflora rarely occurs, allowing the spread of its opportunist congener M. repens, which was limited to extreme conditions, an exotic stress tolerator (A. virginicus) and a native species tolerant of water deficit (H. contortus).
The current distribution of C 4 grasses in this region will likely persist because of the broad tolerance of many of the species. If changes in the climate result in warmer and drier conditions as occurred during the 1990-2012s (T. Giambelluca, U. Hawaii, personal communication), it could favor the establishment of the more stress tolerant exotic species including M. repens and A. virginicus. New fire events or persistent very wet periods such as occurred in 2014 and 2015 (in what are considered seasonally dry regions of Hawai'i) could promote dominance and spread of M. minutiflora.
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